The aim of the present study was to clone and characterize a full length cDNA of sugarcane (Saccharum officinarum) phenylalanine ammonia-lyase (SoPAL) 
INTRODUCTION
Sugarcane (Saccharum officinarum L.) is a member of the Andropogoneae tribe of the Poaceae family and is one of the most important industrial plants in the world due to its high sucrose content (10 to 15% of stalk weight). It is considered as the main raw material in the sugar industry since 70% of the world's sugar comes from this plant (Guillermo et al. 1999) . In addition to sugar, there are other beneficial byproducts such as bagasse with industrial and environmental importance produced by this plant. Sugarcane bagasse is a good low cost raw material for paper and animal feed due to its structural polymer, lignin rich in p-coumaryl subunits (Chiang et al. 1988; Leng et al. 1991) . These products and other secondary metabolites, such as flavonoids, anthocyanins, lignins, UV protectants, phytoalexins and coumarins, are produced through the phenylpropanoid pathway. These metabolites are important for the normal growth of the plant and its response to different stress factors such as abiotic, biotic and high salt conditions (Logemann and Hahlbrock 1995; Jiang and Joyce 2003; Campos et al. 2005; Morelló et al. 2005; SureshIyer et al. 2010) . Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) is the first rate limiting enzyme of this pathway and catalyzes the non-oxidative deamination of phenylalanine to trans-cinnamic acid and ammonia (Hyun et al. 2001; Ferrer et al. 2008) . Due to its central role in the phenylpropanoid pathway, PAL is one of the most extensively studied plant enzymes. It is encoded by a small gene family in the plants with four members in Arabidopsis (Huang et al. 2010) . One exception is the potato PAL gene family, made up of 40-50 genes and the loblolly pine PAL, which has been reported to be encoded by a single gene (Chang and Lim 2008) . Using transgenic plants, it has been shown that PAL activity is a major control point for regulating the phenylpropanoid pathway (Shadlea et al. 2003) and modulating many secondary metabolites biosynthesis in the plants (Huang et al. 2010; Gao et al. 2012; Coulon et al. 2012) . It has been shown that PAL plays an important role in the defense against pathogen invasion by the biosynthesis of coumarin compound like scopoletin or precursors of lignin-like material. PAL is also a key enzyme involved in the biosynthesis of the signal molecule such as salicylic acid, which has been shown to accumulate in the cells undergoing hypersensitive response and to be essential for local and systemic resistance response (Boller 1995; Yang et al. 2012) . Characterization of the molecular structure and expression pattern of different genes in the plants can be utilized in modifying the metabolic pathways for biotechnological synthesis of new products or development of valuable agronomic traits in the plants. In recent years, many genes expressed in sugarcane tissues have been detected at translational and transcriptional levels by different methods (Leng et al. 1991) . To-date, no published data are available about the nucleotide sequence and tissue expression of the PAL gene from sugarcane. The main goal of the current study was to clone and analyze the phylogenetic of the PAL cDNA from sugarcane. The study also for the first time is reporting tissue expression pattern of the PAL gene and its enzyme activity in different parts of the sugarcane.
MATERIALS AND METHODS

Plant Material
Samples of the commercial sugarcane (cultivar CP69-1062) were taken from 7-8 months old plants during the tillering stage. Plant materials were grown on a farm at the Sugarcane Research Center, Karun Agro-industrial Co., a region situated in the province of Khozestan (Ahvaz, Iran). The plants were taken in three replicates. Samples were taken from each plant: lamina, sheath from the last fully expanded leaf; stem from 7 th and 8 th internodes and roots. All the parts were chopped into small pieces, put in 50 mL polypropylene tubes, and immediately snap-frozen in liquid nitrogen.
RNA preparation and reverse transcription
Total RNA was extracted from the frozen samples by Trizol RNA isolation reagent (Life Technologies, USA) and stored at 80°C. RNA was quantified at a wavelength of 260 nm by a nanodrop spectrophotometer (NanoDrop 2000™, USA). The integrity of RNA was verified by OD 260/280 nm between 1.8 and 2.0. For genomic DNA removal, an in-solution DNase digestion was carried out by treating 1.0 µg of RNA with two units of DNase I (Fermentas Inc, Vilnius, Lithuania).
Reverse
transcription− − − −polymerase chain reaction Reverse transcription was done in a total volume of 20 µL by using an AmpliSence cDNA synthesis kit (AmpliSens Enterovirus-Eph, Russia) as recommended by the manufacturer. PCRs were performed in a 25-µL reaction using MaxTaq DNA polymerase Kit (Vivantis Technologies, Selangor DE, Malaysia) using a thermal cycler (Eppendorf Mastercycler Thermal Cycler, Hamburg, Germany) . Specific sets of primers (BIONEER, Seoul, South Korea) used for the amplification of sugarcane PAL were as follows; forward: atggcgggcaacggcgccat and reverse: ccatcaacgtcgtcaactaa. These primers were designed to amplify the PAL open reading frame based on the consensus sequences of the PAL ortolologs of maize, wheat, rice, bamboos, and barley using Beacon Designer 7.1. Thermal conditions for the amplification of PAL were 35 cycles consisting of denaturing at 94ºC for 1 min, annealing at 58ºC for 1 min, extension at 72ºC for 1 min, with an initial denaturing step at 95ºC for 10 min and a final extension step at 72ºC for 10 min. A reaction without cDNA was used as negative control. The PCR product was visualized by agarose gel electrophoresis (1%).
PAL sequencing and analysis
The PCR product of PAL cDNA was purified using the QIAquick Gel extraction Kit (Qiagen, Germany), cloned into the pTZ 57R/T Vector, using a Fermentase PCR cloning Kit (Fermentas Inc., Vilnius, Lithuania) and transformed into competent GM2163 E. coli using chilled calcium chloride as recommended previously (Hsieh et al. 2010) . The Roche High Pure Plasmid Isolation kit was then used to purify the plasmid according to the manufacturer's instructions (Roche Applied Science, Germany). The plasmid was sequenced using M13 primers (Fermentas Inc., Vilnius, Lithuania) and Big Dye Terminator V.3.1 Cycle Sequencing kit in an ABI 3130 Genetic Analyzer (Applied Biosystems, USA).
Phylogenetic analysis
The DNA sequence of SoPAL was extracted using Vector NTI® software (Life Technology, USA) and multiple sequence alignment between the PALs from sugarcane and various species of geramineae. This was performed using nBLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and Jalview 2.7 softwares. The amino acid sequence of the cloned SoPAL was deduced using ExPASy translate tool (http://expasy.org/tools/ pi_tool.html). Phylogenic trees were constructed based on amino acid sequences of the PALs from different species by using the neighbor joining method and Phylogeny.fr software. The topological stability of the trees was evaluated by 1,000 bootstrap replications.
Quantitative real time PCR
To evaluate the levels of PAL gene expression in different parts (root, stem, leaf, sheath) of the sugarcane, quantitative real-time PCR (qRT-PCR) was performed using the ABI Step One plus realtime PCR detection system (ABI plus; Applied Biosystems, USA), and qPCR TM Green master kit for SYBR Green I® (Applied Biosystems, USA). The relative expression level of PAL transcript was normalized to RNA loading for each sample using GAPDH mRNA as described previously (Schmittgen and Livak, 2008) . Sequences of sense and antisense primers (BIONEER, Seoul, South Korea) for SoPAL and ScGAPDH were designed by the Primer Express 3 software (ABI, USA) were as follows: SoPAL: 5'-TCTTGTGCGAGGTGATGAAC-3' and 3'-AAGCACGCCAAGAAGGTGAA-5' and for ScGAPDH: 5'-AGTTCAACGGCACAGTCAAG -3' and 5'-TACTCAGCACCAGCATCACC-3'. Real time PCR reactions were performed in a final volume of 15 µl containing forward and reverse primers (100 nm), cDNA (3.0 µL), water DNase free (4.0 µL) and 2x Greenstar qPCR Master Mix (7.5 µL). The reactions were performed with the following settings: predenaturation (95ºC, 5 min) followed by 40 cycles at 95ºC, 30 sec and 60ºC; 45 sec. Reactions were performed in duplicate. Reactions without cDNA were performed in parallel as negative controls.
Step One software 2.1 was used for the analysis of qRT-PCR results, based on ∆∆Ct method. Relative quantification was performed according to the comparative 2 -∆∆Ct method as described previously (Schmittgen and Livak 2008) . Validation of the assay to check that the primer for the housekeeping gene (GAPDH) and PAL had similar amplification efficiencies was performed as described previously (Rieu and Powers 2002) .
Assays of PAL enzyme activity PAL enzyme activity was measured as described previously by Copeland (Copeland 2000) . Plant samples (100 mg) were homogenized with a mortar and pestle in the extraction buffer containing 50 mm Tris-HCl, pH 8.8, 1 mm EDTA, 10 mm 2-mercaptoethanol, containing 2.5% (w/v) polyvinylpolypyrrolidone (PVPP) in a 1:2 ratio (sample fresh weight:buffer). After homogenization, samples were kept at 4°C for 1 h and then centrifuged at 23,500 xg at 4°C for 15 min. Aliquots of supernatant were desalted using a PD-10 column (GE Healthcare, Montreal, QB, and Canada). A 200 µL aliquot of the PD-10 filtrate (or 200 µL deionized water blank) was added to 400 µL of reaction buffer (100 mM TrisHCl, pH 8.5) and 200 µL of substrate (40 mm LPhe, 100 mM Tris-HCl, pH 8.8) and incubated at 37°C for 15 min. Trichloroacetic acid (200 µL of 25% w/v) was added to terminate the reaction, and the samples were centrifuged at 13,000 xg for 15 min.
PAL activity was determined spectrophotometrically by measuring the increase in A 290 due to the formation of trans-cinnamic acid. The level of PAL activity in each sample was measured using the regression curve from the trans cinamic acid standards (0, 20, 40, 60, 80 , 100, 120 mm) and reported as IU/100 mg tissue. One unit of enzyme deaminated 1.0 µmole of Lphenylalanine to trans-cinnamate and ammonia per minute at pH 8.5.
Statistical analyses
Data analyses were done using the SPSS 14.0 software package (SPSS Inc., Chicago, IL, USA). All the experimental data were presented as the mean ± SD. One-way ANOVA was used to test the differences between various means followed by post hoc Tukey test. The level of significance for all the tests was set at P < 0.05. (Diallinas and Kanellis 1994; Xu et al. 2008; Li et al. 2012; Xu et al, 2012; ) . Based on the homology with other sequences in the GenBank, the following amino acids were identified in a conserved catalytic domain of SoPAL; Tyr 96, Glu 97, Val 98, Thr 100, Phe 102, Tyr 110, Gln 117, Leu 120, Pro 239, Lys 240, Glu 241, Glu 242, Leu 243, Asn 247, Tyr 338, Arg 341, Asp 371, and His 383 (Fig.1) . This motif consisting of approximately 500 amino acids in the plant and fungal PAL with an amino acid sequence identity of ≥ 30% is common within this region among the different species (Pilbák et al. 2006 ).
RESULTS AND DISCUSSION
The crystal structures of PAL showed that there was an inner lid loop and an outer lid loop located in close proximity to the active site of the enzyme. This inner loop was composed of amino acid residues spanning the region 102 through 124 of the protein sequence. Louie et al. (2006) have proposed that the function of this loop was in the substrate binding and catalysis. They have also reported that Tyr110 and the amino acid residues within the active site of the enzyme were the most conserved residues in this family of enzymes. The analysis of the cDNA sequences of SoPAL by multiple sequence alignment tools indicated that it had been moderately conserved through the evolution. The SoPAL showed 96, 93, 87.12, 86.13, 76.44, and 75.66% homology with the PALs from Sorghum bicolor (sorghum) (AB565487.1), Zea mays (NM_001111864.1), Bambusa oldhamii (PAL4) (GU592807.1), Hordeum vulgare subsp. vulgare (Z49147.1), Bambusa oldhamii (PAL2) (FJ715635), and Oryza sativa Japonica Group (JQ065884.1), respectively. Results showed the deduced amino acid sequence of SoPAL had the highest similarity to the monocotyledonous species Oryza sativa Japonica, Zea mays, Sorghum bicolor in comparison to dicotyledenous species such as Arabidopsis thaliana. Based on the structural similarity, the presence of the same prosthetic group and sequence conservation, it has been proposed that the genes encoding SoPAL and PAL from another species diverged from a common ancestral gene. To support this hypothesis, a phylogenetic tree was constructed based on the protein sequences of the PAL from different species of the plants, fungi, and bacteria as shown in Figure 2 . The PAL homologues were supported by very strong bootstrap values. Deduced phylogenetic tree formed two different branches, first including the plant and another including the bacteria and fungi. PAL homologues from the plant species were grouped into three main sub-branches, including monocotyledonous, dicotyledenous and gymnosperm species. It was noticeable that S. officinarum was clustered with most well-known Geramineae species such as Oryza sativa, Zea mays and Sorghum bicolor. According to the traditional taxonomy, these species belonged to the same family, and the PAL gene of these plants cluster together meant that they shared higher similarity than other plants at the molecular level. 
Tissue expression and enzyme activity of SoPAL
The qRT-PCR was used to determine tissue expression of SoPAL gene during the tillering stage. As shown in Figure 3 , SoPAL was expressed ubiquitously in the leaf, sheath, stem, and root. The highest relative abundance of SoPAL transcript was detected in the root and stem, respectively (P<0.05). The lowest level of expression was in the leaves and sheath, respectively (P<0.05) (Fig. 3) . The expression of the PAL gene showed different patterns in various species. PAL enzyme activity was assayed in the leaves, sheaths, stems, and roots of sugarcane throughout the tillering stage. As shown in Figure 4 , there was a wide variation in the level of PAL activity in different tissues. The highest level of PAL activity was observed in the leaves and sheath, while the lowest PAL activity was detected in the root and stem (p< 0.05). Genes encoding PAL are expressed in a complex pattern during the plant development and in response to light, pathogen challenge, mechanical damage and other stresses (Huang et al. 2010) . Differential expression of the PAL gene in different tissues of the sugarcane indicated that the rate of the phenylpropanoid synthesis pathway and the accumulated corresponding products might affect PAL expression. This hypothesis was supported by the fact that SoPAL gene was highly expressed in lignifying tissues such as stem. These results were in agreement with the findings of previous reports. High levels of the PAL transcripts were expressed in the root and flower of the tobacco plant (Nagai et al. 1994) . Four transcripts of the Arabidopsis PAL genes have also been detected in inflorescent stem (Huang et al. 2010) . Cochrane et al. (2004) reported that Arabidopsis PAL 1 and 2 expression patterns were very similar for various tissues such as callus, inflorescence, and roots. In spite of the higher expression of the PAL gene in sugarcane roots, only found minimal PAL enzyme activity was found in this tissue, while shoot and leaves with maximal enzyme activity had the lowest PAL gene expression. Although further studies would be necessary to respond this challenge, it might be due to regulation of PAL enzyme activity and gene expression by various environmental or plant specific regulatory factors, which acted at translational or posttranslational level (Turgeon et al. 2009 ). Some reports have demonstrated that different conditions of soil such as temperature and darkness have a regulatory role on PAL gene expression in the root (Yousefzadi et al. 2012) . The inhibitory effects of red light on the expression of some key genes involved in the biosynthesis of phenylpropanoid metabolites, including the PAL gene have been shown by Yousefzadi et al. (2012) . The induction of PAL and chalcone synthase expression has also been reported during the low temperature storage of the roots of Arabidopsis thaliana (Campos et al. 2003) . Based on the above findings, it was concluded that high levels of PAL gene expression in sugarcane root could be related to the low temperature or light in the soil. It is known that soil may contain different constituents, which affect directly the enzymatic reactions in the plant root. The effect of some ions and chemicals in the root exudates on the activity of PAL from different plant species has been demonstrated (Blanco et al. 2008) . For example, allelochemicals, the predominant constituents identified in the root exudates, suppressed PAL activity and root growth in soybean (Herring and Lourdes 2002) . Some compounds of the soil such as naringenin reduced the lignin content in gramineous plants, such as Zea mays, Oryza sativa and Echinochloa oryzicola by inhibiting the activity of the key enzyme of the phenylpropanoid pathway such as PAL (Bido et al. 2010) . However, some discrepancies between the PAL mRNA level and its enzyme activity in root might be due to direct effect of environmental factors such as soli condition, density of light and temperature. Further studies would be necessary to confirm this hypothesis. Although the regulatory mechanisms by which PAL is differentially controlled at transcriptional or functional levels remains unknown, it has been found that various biochemical and molecular effectors change the levels of enzyme transcription or activity. For example, recent evidence have indicated that mRNAs transport between different tissues, an important mechanism, which controlled the communication of signaling system in plants, could alter the abundance of mRNA and protein function independently (Turgeon et al. 2009 ). Another major reason, which might describe the difference between the PAL mRNA level and enzyme activity in some tissue could be the regulation of enzyme activity by allosteric regulators, which altered enzyme activity in spite of stable gene expression. It has been shown that trans cinamic acid, as product of PAL, lower or inhibits the PAL activity at high concentration (Chen et al. 2009 ). Trans cinamic acid is much more removed by the downstream pathways to synthesize other metabolites in higher growing tissues in this development stage such as leaves and its lower concentration of transcinamic acid in the leaves and sheaths might cause lower PAL enzyme activity in these tissue without any changes in abundance of its transcript.
CONCLUSION
PAL catalyzes the first step of the phenylpropanoid pathway, producing many metabolites, which play important functional roles in plant physiology and pathology. The application of these products has accelerated during the past decade due to their health and industrial benefits. Consequently, the characterization of PAL synthesis and its regulation at molecular level in many industrial plants such as sugarcane becomes essential. Such alteration of the phenylpropanoid composition in the plants is best achieved through the biotechnological processes. This work characterized, for the first time, the molecular structure of the PAL gene from sugarcane and analyzed its expression pattern in different tissues. The phylogenetic tree analyses demonstrated that SoPAL has the best relationship to other monocotyledonous species such as sorghum, maize and bamboos. Sequence alignment of SoPAL amino acid sequences with PALs from other species showed the presence of a conserved catalytic motif. Results also showed differential expression of mRNA or enzyme activity of SoPAL in different tissues of the sugarcane, demonstrating the presence of different regulatory mechanisms at the transcriptional and functional level.
